Each module has two n-on-n type silicon sensors mounted back to back. Due to its proximity to the beam it is subject to high doses of radiation, which are non-uniform across the sensors and along the z-axis. The VELO has been operated successfully during the first two years of data taking. Results for the hit resolution, primary vertex resolution and impact parameter resolution are presented. Some aspects of radiation damage are also discussed.
I. INTRODUCTION
The LHCb experiment [1] is one of the four main exper iments at the Large Hadron Collider (LHC) at CERN. It is a forward angle spectrometer designed to search for New Physics beyond the Standard Model by studying CP-violation and rare decays of beauty and charm hadrons. To achieve its physics goals, the detector must have a good vertex resolution in order to resolve the fast oscillations of BO mesons for s '
example. Moreover, a high momentum resolution is needed for an accurate reconstruction of invariant masses and the reduction of background, and good particle identification (PID) is required for the separation of kaons and pions. The LHC has been operating since September 2009 and, as of October 2012, LHCb has recorded an integrated luminosity of about 2.7tb-1 . The tracking system of LHCb consists of the Ve rtex Locator (VELO), located around the interaction region of the beams, the Tracker Turicensis (TT) and three more layers of tracking stations, the inner and outer tracker (IT and OT). The VELO and IT are located in front of the LHCb magnet while the IT and OT are behind it. The VELO is designed to measure particle trajectories and vertex positions, while the tracking stations are needed to reconstruct track segments in front and behind the magnet. The PID system includes two Ri ng Imaging Cherenkov counters (R ICH1 and RI CH2), one in front and one behind the magnet, an electromagnetic calorimeter (ECAL) and hadronic calorimeter (HCAL), and five stations for the identification of muons.
The VELO is a silicon strip detector made up of two moveable halves, located around the interaction region of the LHC beams [2] . In Fig. 1 , one half of the detector is shown. The VELO modules are arranged in two halves, which are designed to 'open' and 'close' during beam injection and data taking, respectively. When open, the sensors are retracted at a distance of 29 mm from the center, in order to avoid beam induced damage to the sensors. During operation the two halves are closed and the sensitive area of the detector is then at 8 mm from the beam. The closing of the two VELO halves is a totally automated procedure, performed by the Closing Manager, implemented in the control software package PVSS, and a programmable logic controller (PLC), which controls the stepper motors. The two detector halves close in five steps: 58 mm, 40 mm, 20 mm, 10 mm, 2 mm, to the 'fully closed' position. At each step the distance from the beam is calculated by reconstructing the vertices of the pp-interactions. Two sets of 400 vertices are reconstructed and for both the distance from the beam is calculated. If the two measurements are in agreement and various other safety conditions are met, then the detector is moved closer to the beam. The entire closing procedure takes 3.5 minutes to complete.
Each VELO half has 21 modules with two silicon sensors mounted back-to-back, one with R-strips and one with ¢ strips. Each sensor has 2048 strips and is connected to 16 Beetle readout chips with 128 channels each. The Beetle chip is designed to sample data at 40 MHz [3] .
The silicon sensors are in a secondary vacuum with respect to the beam volume, kept by a 300 J.lm thick aluminum box, known as the RF-foil. The RF-foil has two additional purposes: it shields the silicon modules from the interference of the beams and it conducts the mirror currents in the interaction region of LHCb. The sensors are 300 J.lm thick and use n-on- n technology, with an active region that goes from 8.2 mm to 42 mm from the center. Only one module upstream with respect to the interaction region uses n-on-p technology. The sensors of this module were mounted in order to study their performance in a high radiation environment.
The ¢ sensors are divided in an inner and an outer region, which has twice as many strips as the inner region. The routing lines of the inner strips pass over every other strip of the outer region before reaching the readout electronics. Therefore, half of the strips of the outer region have an overlaid routing line and half do not.
The silicon sensors are kept at a temperature of -8°C during operation, in order to reduce the effects of radiation damage. The temperature of the silicon sensors is maintained by a CO2 cooling system, which is operated at an evaporation temperature of -30°C. The cooling system has been working successfully since the start of operations in 2009.
II. SIGNA L TO NO ISE RATIO
The signal to noise ratio of a VELO sensor is determined by selecting only I-strip clusters and calculating the ratio between the most probable value (MPV) of the signal distribution of that strip and its noise. The noise strongly depends on the capacitance of a strip. The R sensors are divided in four sectors, with strips having increasing lengths from the innermost to the outermost radius of the sensor. Being shorter, the inner strips have a smaller capacitance, meaning that the noise is lower for these strips. As was described in the introduction, the ¢ sensors are divided in an inner and outer region, with every other outer strip having an overlaid routing line which is connected to an inner strip. The inner strips are shorter than the strips of the outer region and hence have a smaller capacitance, but this is compensated by the routing lines of these strips being longer. The highest noise is found for outer strips with an overlaid routing line since the capacitance on these strips is larger. In Fig. 3 the noise of the three types of strips of a ¢ sensor is shown.
The signal to noise ratio (SIN) is higher than 19 for R sensors and greater than 23 for ¢ sensors I. Irradiation to the detector will in the end cause the charge collected on the strips to decrease. Since the signal to noise ratio is high, the separation between signal and noise will be large enough even after radiation damage, even after the radiation dose accumulated until the second long shutdown in 2018.
lS/N = 25. 9 for inner strips, SIN = 23. 9 for outer strips with an overlaid routing line, SIN = 29. 5 for outer strips without routing line Noise in the three types of strips of a ¢ sensor, by strip number averaged over all 42 sensors.
III. CLUSTER FINDING EFFICIENCY
A cluster is defined as a group of adjacent strips having a signal higher than a certain threshold, and is determined online by the FPGAs of the VELO read-out system. A strip is selected when it has a signal higher than a certain 'seeding threshold', equal to six times the noise on that strip, and the adjacent strips are included in the cluster if they have a signal larger than 40% of this seeding threshold. The Cluster Finding Efficiency (C FE) is then determined offline by matching the clusters to hits in the detector. Considering all channels of the VELO, a CFE equal to 99.51 ± 0.02% is obtained. Strips are checked by performing an analysis of the noise or by studying the occupancy spectrum of a sensor. It is known that the noise on functioning channels decreases once the sensor is depleted, and this dependance is not observed on bad channels. Instead, the occupancy on a VELO strip ranges from 0.4% to about 1 %, so if a strip has an occupancy of 0% then that strip is considered dead, if the occupancy is higher than 5% then that strip is considered noisy. After the first two years of operation, 0.9% of the VELO strips are known to be faulty. Excluding all faulty channels, the CFE is found to be equal to 99.98 ± 0.02 % .
IV. RESO LUTIONS A. Hit Resolution
The single hit resolution is measured by comparing the position of a cluster with the fitted intercept of a track with the sensor. It is measured by looking at tracks that have hits in the tracking stations behind the LHCb magnet, since a momentum measurement is needed. Tracks with p > 10 GeV/c are selected in order to reduce the measurement's dependence on multiple scattering. As for all silicon devices, the hit resolution depends on the inter-strip readout pitch and the charge sharing between strips, which varies with the applied bias voltage 2 and the projected angle of the track perpendicular to the sensor plane. The hit resolution initially improves with increasing angle, since the charge sharing between strips allows to determine the hit position with greater precision. However, if the angle becomes too large, the charge will be distributed more uniformly over a large number of strips, and it becomes difficult to accurately determine the position at which the sensor was hit. The inter-strip readout pitch for a VELO sensor varies between approximately 40 J.Lm and 100 J.Lm, and the hit resolution varies linearly with the inter-strip pitch.
In Fig. 4 the hit resolution is shown as a function of the inter-strip pitch, for two different ranges of the projected angle. The binary resolution is also shown for comparison. The best hit resolution is measured at a pitch of 40 J.Lm and a projected angle of 8°, and is equal to 4 J.Lm. It is the best hit resolution measured at the LHC.
B. Primary Vertex Resolution
For the main physics goals of LHCb, it is important to measure the flight distance of long-lived particles with great precision. For this purpose a precise vertex reconstruction is required, such that the primary and secondary vertices can be distinguished and the distance between the two can be determined accurately on both R and ¢ sensors. By recon structing tracks that originate from the same point, the primary vertex (PV) of an interaction can be determined. A track is reconstructed only if it has at least three hits out of four adjacent stations, on both R and ¢ sensor. The PV resolution is measured by splitting a track sample randomly in two and reconstructing the vertex of each set of tracks independently. In order for a measurement to be accepted the distance of the two vertices in the z-direction must be less than 2 mm. The PV resolution strongly depends on the track multiplicity, as shown in Fig. 5 and 6 . The number of tracks making up a vertex ranges from 5 to about 100, but a measurement of the resolution becomes difficult when the vertex has more than 40 tracks since few samples of 80 or more tracks are found.
For a primary vertex of 25 tracks, the PV resolution is equal to about 13 J.Lm in both the x and y-direction and to 71 J.Lm in the z-direction. The impact parameter (IP) is defined as the distance of closest approach between the particle trajectory and the pri mary vertex of the interaction. Most of the tracks reconstructed at LHCb belong to particles that originate from the primary vertex, ie. they are prompt. After they are produced, B mesons fly a distance of about 8 mm and then decay, giving origin to a secondary (displaced) vertex. Tracks belonging to particles which are produced in this secondary vertex tend to have a larger IP than particles coming from the primary vertex. 3 It is crucial to accurately measure the IP in order to exclude prompt background and disentangle tracks originating in B and D meson decays. The IP resolution is governed by three factors: the multiple scattering of particles by the detector material, the resolution on the hit position, and the track distance between the first hit in the detector and the interaction point. In Fig. 7 the IP resolution for the 2011 dataset is shown as a function of the inverse transverse momentum, l/P T' For tracks with PT > lO GeV/c, the measured IP resolution is equal to 13 Mm. The slope of the IP resolution is mainly due to multiple scattering, which depends on the amount and position of the detector material between the vertex and the position of the first hit in the detector.
V. SELF IMAGING
It is not simple to accurately describe the detector material due to the complex shape of the RF-foil. However, when charged particles traverse the detector, they interact with the material and the vertices of these secondary interactions can be reconstructed. From the density distribution of the reconstructed vertices the distribution of the material can be studied. In Fig. 8 , the vertices of the hadronic interactions in the VELO material are shown for one module of the detector. In the figure, the R and ¢ sensors of that module and the RF-foil can clearly be distinguished.
Self imaging is also used to monitor the distance between the silicon sensors and the RF-foil, as if they were to touch it would cause a damaging electrical short. Currently, all VELO sensors are at a safe distance from the RF-foil. 
VI. RADIATION DAMAGE
The VELO is the subdetector at the LHC which is closest to an interaction point, with the active region of the sensors starting at 8.2 mm from the beams. This exposes the detector to high doses of radiation, up to 5 X lO 13 neq per fb-1 . Due to the geometry of the detector, the radiation dose is not uniform across the sensors, varying by as much as a factor 20 from the innermost radius to the outermost radius, and along the z axis. Since the irradiation is not uniform across the sensor, the voltage needed to fully deplete the inner region will increase more rapidly than that of the outer region. A unique voltage is set for the entire sensor, so eventually there might be a loss in the charge collected on the inner region of the sensors. In order to fully deplete the inner region the applied bias voltage must be increased. Dedicated studies have shown that by increasing the applied bias voltage, it will be possible to fully deplete the VELO sensors until the LHCb upgrade in 2018, without reaching the maximum bias voltage of 500 V.
Particle irradiation causes bulk and surface damage to the silicon sensors. Bulk damage leads to a change in the leakage currents and in the effective doping concentration of the sensors, which provide a mean for monitoring the radiation damage.
A. Leakage Currents
The amount of radiation received by the sensors can be monitored by studying the leakage currents of the sensors as a function of the bias voltage and temperature. This is done by periodically performing dedicated scans. In Fig. 9 the change in current for all VELO sensors is shown as a function of time and delivered luminosity.
In the figure, the currents of all VELO sensors are depicted in blue, while the average of these sensor currents has been calculated and is shown in green. It can be seen that the measured mean of the sensor currents is in agreement with the mean of the currents predicted from simulation (pink). The leakage currents are expected to vary proportionally with delivered luminosity, which is what is observed. The decreases in the currents are due to annealing during periods in which the detector was warmed up. 
B. Effective Doping Concentration
The effective doping concentration (EDC) of the silicon sensors also changes with radiation, due to defects induced in the bulk. The depletion voltage decreases until the n-bulk inverts to p-bulk, at which point it increases again until the inverse process takes place. In time, the voltage needed to fully deplete the sensors will increase, causing a loss in the charge collection efficiency (CCE).
The charge collected on a sensor increases with increasing bias voltage until the sensor is fully depleted, at which point the charge collected reaches a plateau. To determine the relation between the collected charge and the applied bias voltage, to one in every five VELO modules a variable voltage ranging between 0 and 150 V is applied. For the other modules the voltage is set at 150 V. The 'test' sensors are excluded from the reconstruction algorithms and only hits from the sensors at 150 V are used in the reconstruction. A reconstructed track is then extrapolated to these test sensors, and the charge deposited on strips close to the interception point is measured. At each bias voltage the ADC distribution is fitted with a Gaussian convoluted with a Landau and the MPV of the distribution is determined. The MPV of the charge distribution of one sensor is shown in Fig. 10 as a function of the bias voltage, before and after type inversion in the sensor bulk has occured. For low values of the bias voltage the charge collected is larger after irradiation; however, the maximal charge collected is less.
From the signal vs bias voltage, the effective depletion voltage (EDV) of a sensor can be determined. This corresponds to the voltage at which the most probable value (MPV) of the charge distribution is equal to 80% of the plateau. A change in the EDC of the sensors will also lead to a change in the EDV of the sensors. The EDV was studied as a function of received radiation, using 1.2 fb-1 of data collected in 2011. It was observed that the EDV decreases with radiation until the sensors undergo type inversion. At this point, the EDV begins to increase again. More information on radiation damage in the VELO can be found in [4] .
VII. SUMMARY
The performance of the LHCb vertex locator has been stud ied using 2.7 fb-1 of data recorded at LHCb until November 2012, and results prove that the detector has been performing very well in the first two years of operations. The VELO measures the best hit resolution at the LHC, equal to 4 f.-Lm at the smallest inter-strip pitch and optimal track angle. The measured IP resolution is about 13 f.-Lm for high PT tracks, and the resolution on the primary vertex position is about 13 f.-Lm in the transverse plane and 71 f.-Lm in the z-direction for a 25-track vertex. The VELO is subject to high doses of radiation which are non-uniform across the sensors and along the z-axis. The effects of radiation are monitored continuously, and it has been observed that the inner regions of the n-on-n sensors have already undergone type inversion.
